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On the Decomposition of Martensite during Bake Hardening
of Thermomechanically Processed Transformation-Induced
Plasticity Steels
E.V. PERELOMA, M.K. MILLER, and I.B. TIMOKHINA
Thermomechanically processed (TMP) CMnSi transformation-induced plasticity (TRIP) steels
with and without additions of Nb, Mo, or Al were subjected to prestraining and bake hardening. Atom probe tomography (APT) revealed the presence of ﬁne C-rich clusters in the
martensite of all studied steels after the thermomechanical processing. After bake hardening, the
formation of iron carbides, containing from 25 to 90 at. pct C, was observed. The evolution of
iron carbide compositions was independent of steel composition and was a function of carbide
size.
DOI: 10.1007/s11661-008-9663-6
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I.

INTRODUCTION

FOR decades, the tempering of martensite has
attracted the attention of scientists and engineers from
both fundamental and applied perspectives. As a result
of tempering, carbides precipitate in hard, brittle martensite that is supersaturated in carbon, leading to
improved ductility and fracture toughness.[1–6] It is well
accepted that there are four stages of tempering of
ferrous martensite: (1) formation of transition carbide,
presumably e-carbide, Fe2.4C, or g-carbide, Fe2C; (2)
decomposition of retained austenite into ferrite and
cementite; (3) replacement of transition carbide by
cementite, Fe3C; and (4) secondary hardening manifested by the development of alloy carbides in alloy
steels.[1–6] However, prior to tempering of martensite,
room-temperature aging or autotempering of martensite
formed at high temperatures on quenching takes
place.[3,4,7–10] This process is associated with carbon
segregation to dislocations and twin boundaries, to and
from retained austenite ﬁlms, the formation of a
periodic tweed structure consisting of carbon modulations in Ni-containing martensites, and carbon clustering before the precipitation of iron-carbide.[7–11] Several
experimental techniques, such as electrical resistivity
measurements, X-ray diﬀraction (XRD), transmission
electron microscopy, Mössbauer spectroscopy, and
atom probe ﬁeld ion microscopy, have been used to
understand the mechanisms and stages of aging and
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tempering in low- and high-carbon martensitic steels.
Previous atom probe studies of martensite decomposition have used atom probe ﬁeld ion microscopes, which
have a severe limitation on the volume of material
analyzed.[9–17] Development in recent years of the latest
generation of atom probes, namely, the local electrode
atom probe, now allows for much faster data gathering
from much larger volumes than was possible 5 to 7 years
ago.[18,19] This development results in the direct determination of chemical composition, shape, and distribution of ﬁne microstructural features present in the
material, even in low densities, such as nanoscale
precipitates, clusters, and other solute segregations.
The aim of this work is to gain a more detailed insight
into martensite decomposition that resulted from the
bake hardening of thermomechanically processed
(TMP) transformation-induced plasticity (TRIP) steels
with and without additions of Nb, Mo, and Al.
Contrary to the majority of previous studies on martensite decomposition, where the microstructure was
fully martensitic, here the martensite is a minor phase in
the complex multiphase microstructure of TRIP steels.

II.

EXPERIMENTAL

Four CMnSi TRIP steels with and without additions
of Nb, Mo, or Al were used in this study. Their
compositions are given in Table I. The concentration of
main elements (C, Mn, and Si) in these steels are typical
for TMP TRIP steels.[20–22] All studied steels were
subjected to laboratory simulation of controlled thermomechanical processing, which is described in detail
elsewhere.[23,24] The thermomechanical processing schedule was constructed based on analysis of the continuous
cooling transformation data and was aimed to stabilize
the retained austenite at room temperature. The steel
plates were austenitized at 1250 C for 120 seconds and
then rolled at 1100 C to 25 pct reduction, followed by
the second deformation in the nonrecrystallization region
METALLURGICAL AND MATERIALS TRANSACTIONS A

Table I.

Compositions of Studied Steels (Atomic Percent); the Balance is Fe
Element

Steel
Non-Nb
NbMo
NbAl
NbMoAl

C

Si

Mn

Mo

Al

Cu

Nb

P

0.95
0.96
0.996
0.953

3.01
2.88
2.31
2.29

1.54
1.49
1.52
1.51

—
0.114
0.002
0.165

0.02
0.02
1.15
1.15

0.003
0.017
0.026
0.026

0.003
0.021
0.022
0.021

—
0.044
0.048
0.048

Table II.

Selected Thermomechanical Processing Parameters
Parameters

Steel
Non-Nb
NbMo
NbAl
NbMoAl

TNR, C

TAC, C

TC, C

tIH, s

825
875
875
875

670
735
840
760

450
450
500
470

600
1200
1800
1200

TNR—nonrecrystallization rolling temperature, TAC—accelerated cooling start temperature, TC—simulated coiling temperature, and
tIH—isothermal hold time.

(at TNR) to 47 pct reduction. After that, the samples were
air cooled at ~1 Ks-1 to the accelerated cooling start
temperatures (TAC), following by cooling at 50 Ks-1 to
the coiling temperature (TC). During isothermal holding
(tIH), the formation of carbide-free bainite took place,
and then the samples were water quenched. The selected
processing parameters are given in Table II.
Tensile samples were machined from the strip and
prestrained to 4 pct in an Instron 4500 servohydraulic
tensile testing machine (Instron Pty. Ltd., Melbourne,
Australia) with a 100 kN load cell. Bake hardening was
carried out at 180 C for 30 minutes (1800 seconds).
This optimum bake-hardening schedule was chosen
based on the highest hardening response of the samples
after 1800, 3600, and 10,800 seconds of hold at 150 C,
180 C, and 200 C. The XRD analysis was carried out
using a PHILIPS* PW 1130 (40 kV and 25 mA)
*PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

diﬀractometer to calculate the volume fraction of
retained austenite. The integrated intensities of the
(200)a, (211)a, (200)c, and (220)c peaks were used in the
direct comparison method.[25]
Thin foils were prepared by twin jet electropolishing
using a solution of 5 pct perchloric acid in methanol at
-20 C and an operating voltage of 50 V. They were
examined using a PHILIPS CM20 analytical transmission electron microscope (TEM) operating at 200 kV.
An Imago local electrode atom probe (LEAP**) was
**LEAP is a trademark of Imago Scientiﬁc Instruments Corp.,
Madison, WI.

used for the analysis of ﬁne features in these steels. The
needle-shaped atom probe samples were prepared using
METALLURGICAL AND MATERIALS TRANSACTIONS A

a standard two-stage electropolishing procedure.[22]
Examination of the samples was performed at 60 K
with a pulse repetition rate of 200 kHz and a pulse
fraction of 0.2. The maximum separation envelope
method with a 0.5-nm distance between the carbon
atoms and a 0.1-nm grid spacing was used to estimate
the extent of solute-enriched regions (radius of gyration)
and the local solute concentrations in these regions.[26]
Only clusters containing 20 or more atoms were
considered in order to eliminate random solute ﬂuctuations in the matrix. The Guinier radii, rG, of clusters/
ﬁne carbides were calculated from
qﬃﬃthe radii of gyration
(lg) data with the equation rG ¼

III.

5 [26]
3lg :

RESULTS AND DISCUSSION

The detailed discussion of microstructure-property
relationships in these steels after thermomechanical
processing and bake hardening has been presented
previously.[23,24,27–31] Only the changes in the martensite that resulted from the bake hardening are considered in the present study. Typically, the 8 to 12 pct of
martensite present in the microstructure is either in the
form of martensite islands in polygonal ferrite/bainite
regions, as martensite/retained austenite constituent in
granular bainite, or as thin layers between the bainitic
ferrite laths of acicular ferrite (Figures 1(a) and (b)).
After 4 pct prestraining, some twinned martensite
crystals were observed (Figure 1(c)). Their presence
could be associated with the strain-induced transformation of high carbon retained austenite. It was shown
previously that less chemically and mechanically stable
retained austenite transforms to martensite in these
steels already after 2 pct straining.[30] The XRD data
have conﬁrmed that approximately 2 pct of RA has
transformed to martensite after 4 pct prestraining in
the studied steels. As TEM studies have shown, ﬁne
VOLUME 39A, DECEMBER 2008—3211

Fig. 1—Representative TEM micrographs of martensite in the steels (a) and (b) after TMP, (c) after prestraining, and (d) after bake hardening.
The zone axis in (d) is [120]a//[111]C, where a denotes the bcc matrix and C represents carbide. PF—polygonal ferrite, BF—bainitic ferrite,
M—martensite, TM—twinned martensite, and RA—retained austenite. The arrows indicate iron carbides.

iron carbides formed in the martensite after bake
hardening (Figure 1(d)).
The presence of ﬁne C-rich clusters was detected in
the martensite of all the steels studied before bake
hardening. Their presence is a manifestation of autotempering either at room temperature or on cooling from
the coiling temperature, as the martensite formation
temperature in these steels ranges from subzero temperatures to above 200 C depending on location, chemical
stability, and mechanical stability of retained austenite.[23,24] It was found[9] that the carbon atoms are able to
move at 20 C through an average distance of 0.2 nm
in a period of 20 seconds with Do = 0.394 mm2 s-1
and Q = 80.15 kJ mole-1.[32] Our calculations have also
shown the similar value of 0.23 nm. So, it is likely
3212—VOLUME 39A, DECEMBER 2008

that the redistribution of carbon and formation of
clusters at room temperature could contribute to the
overall cluster formation process. Clusters that contained between 20 and 100 atoms with sizes ranging
from 0.7 to 2.5 nm were detected in the matrix by the
maximum separation method (Figure 2(a), Table III).
Here, we deﬁne clusters as the nonrandom, preferential
segregation of atoms within the volume, in which the
crystallographic planes of matrix (Fe) atoms are clearly
visible. Contrarily, precipitates exhibit their own, clearly
distinguished from the matrix, crystallographic arrangement of atoms into the planes. The ﬁner clusters were
pure C, whereas the coarser ones (in addition to Fe
atoms) also contained traces of other elements (Si, Mn,
Nb, and Mo). It should be noted that it is not possible to
METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 2—(a) C-rich clusters and (b) variation of clusters’ compositions
with size in martensite of all steels after the TMP. All matrix atoms
were removed in (a) by the maximum separation method.

reliably establish from atom probe (or any other) data
whether an individual solvent atom on the surface of a
particle/cluster belongs to the matrix or the particle.
Computer simulations of an iron lattice containing fully
coherent, nominally spherical precipitates of diﬀerent
sizes indicate that, as the size of the particle decreases,
the concentration of the particle estimated with the
envelope method increases due to the aggressive removal
of the surface iron atoms. For example, with the use of a
0.1-nm grid spacing, a 60 pct detection eﬃciency, and
excluding all particles at the edge of the analysis volume,
the estimated concentrations are 96 pct (with an average
of 14 atoms detected), 74 pct (107 atoms), and 56 pct
(1632 atoms), for 50 pct solute particles of 0.5, 1, and
2.5 nm radii, respectively. The estimated Guinier radii
were 0.48, 0.99, and 2.5 nm, respectively. The envelope
Table III.
Average Cluster
Size, Ions
22 ± 4 (20 to 27)
27 ± 8 (21 to 45)
52 ± 30 (23 to 76)
96 ± 62 (51 to 140)

algorithm will only remove solvent atoms from the
surface of the particle and not the interior. Thus, the
maximum separation envelope method may overestimate the carbon content of the ﬁnest clusters by ~25 to
40 pct in which there is a high proportion of surface to
interior atoms. The lowest C concentration detected in
the clusters was ~70 at. pct C. Even with overestimation
of C concentration, this observation is not in agreement
with the suggestion that the clusters should have a Fe4C
(20 at. pct C) composition.[3] The composition of some
clusters was similar to the FeC8 composition. The
summary of cluster characterization is given in Table III
and Figure 2(b). The standard deviations and error bars
given in Tables III and IV and Figures 2(b) and 3(d) are
based only on experimental data obtained by the
envelope method without taking into account the
inherent overestimation of C content in ﬁne clusters,
which is diﬃcult to deﬁne exactly due to various shapes
of the clusters. As was mentioned previously, this
additional error could be 25 to 40 pct for ﬁne clusters.
The density of these clusters was of the same order of
magnitude in all the steels. However, all clusters had a
slightly lower C content in the steels alloyed with Al
compared to CMnSi (Nb) ones (Table III). No preferential location of clusters, such as along dislocation lines
with formation of continuous atmosphere, was detected.
However, as dislocation density is extremely high in
martensite (~1 ± 0.2 9 1015 m-2 based on our TEM
data) and there is a binding energy between the
dislocation core and carbon atoms of 0.75 eV, as well
as much higher rate of diﬀusion along the dislocation
line than that in the bulk, it is logical to assume that
dislocations will be preferential heterogeneous nucleation sites for cluster formation. Due to the high carbon
content in martensite (2 to 5 at. pct C[24]) and the high
dislocation density, it would be diﬃcult to detect carbon
segregation to dislocations (~1 to 8 at. pct range) by
atom probe tomography (APT) in these alloys, as the
diﬀerence in concentration of carbon in the atmosphere
and in the matrix might not diﬀer signiﬁcantly.
The change in the martensite after bake hardening is
clearly seen in the atom map and isoconcentration
surfaces shown in Figure 3. Instead of separated small

Summary of the Compositions of the Clusters in Martensite after TMP

Cluster Characteristics
C, at. pct
Fe, at. pct
rg, nm
C, at. pct
Fe, at. pct
rg, nm
C, at. pct
Fe, at. pct
rg, nm
C, at. pct
Fe, at. pct
rg, nm
number density, m-3

Non-Nb
100 ± 3
—
1.0 ± 0.3
93 ± 4
6±4
1.0 ± 0.2
83 ± 7
16 ± 6
1.0 ± 0.3
not observed
—
(1.8 ± 0.2) 9 1023

NbMo
100 ± 3
—
0.8 ± 0.1
92 ± 5
5±4
1.1 ± 0.3
83 ± 7
10 ± 5
1.2 ± 0.3
71 ± 2
25 ± 2
2.5 ± 0.1
(6.3 ± 0.4) 9 1023

NbAl

NbMoAl

not observed

not observed

—
92 ± 5
5±4
1.0 ± 0.1
81 ± 6
15 ± 5
0.9 ± 0.2
not observed

—
91 ± 5
7±3
1.1 ± 0.3
81 ± 7
11 ± 6
0.9 ± 0.1
68 ± 5
29 ± 5
1.4 ± 0.4
(3.1 ± 0.3) 9 1023

—
(7.7 ± 0.6) 9 1023

rg—Guinier radius.
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Table IV.
Average Cluster
Size, Ions

Summary of the Compositions of the Clusters in Martensite after Bake Hardening

Cluster Characteristics

25 ± 5 (20 to 37)

C, at. pct
Fe, at. pct
rg, nm
52 ± 42 (22 to 245)
C, at. pct
Fe, at. pct
rg, nm
141 ± 97 (39 to 337)
C, at. pct
Fe, at. pct
rg, nm
716 ± 331 (360 to 1049)
C, at. pct
Fe, at. pct
rg, nm
3328 ± 470 (2996 to 3660) C, at. pct
Fe, at. pct
rg, nm
24921 ± 23425
C, at. pct
(4553 to 64052)
Fe, at. pct
rg, nm
number density, m-3

Non-Nb

NbMo

100 ± 3
—
0.9 ± 0.2
94 ± 4
6±4
1.1 ± 0.3
84 ± 5
15 ± 5
1.2 ± 0.5
64 ± 2
34 ± 2
2.9 ± 0.9
40 ± 1
56 ± 1
4.3 ± 0.9
25 ± 1
71 ± 1
4.7 ± 0.9
(2.0 ± 0.3) 9 1023

100 ± 3
—
0.9 ± 0.2
93 ± 4
6±4
1.1 ± 0.3
81 ± 5
18 ± 5
1.4 ± 0.6
61 ± 2
37 ± 2
2.7 ± 0.2
49 ± 1
47 ± 1
3.8 ± 0.7
—
—
—
(18.6 ± 0.4) 9 1023

NbAl
100 ± 3
—
0.8 ± 0.1
94 ± 3
6±3
1.6 ± 0.1
not observed
—
not observed
—
not observed
—
not observed
—
(6.4 ± 0.3) 9 1023

NbMoAl
100 ± 3
—
0.9 ± 0.1
92 ± 4
7±4
1.1 ± 0.3
82 ± 4
17 ± 4
1.7 ± 0.5
64 ± 2
34 ± 2
3.0 ± 0.7
37 ± 1
58 ± 1
3.9 ± 0.1
26 ± 1
69 ± 1
4.8 ± 0.7
(1.2 ± 0.2) 9 1023

rg—Guinier radius.

Fig. 3—Decomposition of martensite after bake hardening: (a) C atom map, (b) corresponding to 9 at. pct C iso-concentration surfaces, (c) representative concentration proﬁle taken along the blue (long) line of the selected box in (a), and (d) summary of the eﬀect of the sizes of clusters
and particles on their composition in studied steels.
3214—VOLUME 39A, DECEMBER 2008
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clusters, which were present in martensite before the
heat treatment (Figure 2(a)), a nearly continuous network of coarse carbides has formed in addition to ﬁne
individual clusters/particles (Figures 3(a) and (b)).
These coarse carbides are partially interconnected and
oriented orthogonally to each other. This is an example
of the later stage of martensite decomposition, as
observed by APT. In many other samples, only separate
plates or rods of coarse carbides were detected in
addition to ﬁne clusters.[31] The carbon concentration in
the matrix, free of visible clusters in the atom map, was
reduced from >2 to <0.5 at. pct, but did not reach the
levels of carbon in ferrite, as was reported for the
samples after much longer aging times or higher
temperatures than used in this study.[10] This indicates
that decomposition of martensite has not been fully
completed during the bake-hardening treatment. The
concentration proﬁles across the coarse, platelike, or
rodlike carbide and cementite particles in all the steels
studied show that the concentrations of Si and Mn were
similar to their matrix levels (Figure 3(c)). This is in
agreement with a number of atom probe studies in
which no partitioning of Si and Mn was observed during
early stages of tempering.[14,17]
The summary of cluster/ﬁne particle compositions
and sizes are given in Table IV and Figure 3(d). After
BH, the maximum carbide size increased to rG = 6 nm.
The ﬁner clusters (~1-nm radius) remained predominantly C rich, whereas the coarsest ones had a Fe3C
composition. The composition of intermediate carbides
was 40 to 70 at. pct C, with the balance being predominantly Fe. Some of these carbides have the composition
close to the one of low-temperature Fe32C4. This
correlates well with the results published by Abe.[33]
Most of the particles contained trace levels of Si, Mn,
Mo, and Nb. A similar process of decomposition of
martensite during bake hardening at 175 C for 30 minutes was also observed for prestrained to 5 pct intercritically annealed dual-phase and CMnSi TRIP
steels.[34]
Although the number density of total clusters and
carbides has increased by nearly an order of magnitude
compared to the as-TMP condition, the number density
of the coarsest carbides (~1022 m-3) was an order of
magnitude lower than the number density of clusters in
the TMP state. It is suggested that a continuous process
of cluster formation takes place during bake hardening,
whereas some of the pre-existing C-rich clusters in the
martensite formed due to autotempering develop into
iron carbides, which grow by consuming neighboring
clusters. As the diﬀusivity of carbon in martensite is
many orders of magnitude higher than the diﬀusivity of
substitutional elements, at the early stages of nucleation
and growth, the C concentration in the clusters/carbides
is high. Despite an overestimation of C concentration in
ﬁne clusters/carbide by the maximum separation distance envelope method, the trend of the reduction of C
content toward the Fe3C composition with increase in
carbide size was clear. No particles corresponding to
e-carbide composition (~30 at. pct C) were detected,
which is in agreement with the data reported by Miller
et al.[10]
METALLURGICAL AND MATERIALS TRANSACTIONS A

IV.

CONCLUSIONS

The decomposition of martensite in TMP TRIP steels
subjected to prestraining and bake hardening was
analyzed using APT. It is concluded that formation of
carbides during decomposition of martensite is a continuous process starting from the formation of C
clusters as precursors to carbide formation, followed
by a compositional evolution and increase in size, which
is manifested in a reduction of the C:Fe ratio until the
equilibrium stoichiometric composition of Fe3C is
reached.
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